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Brian E. Mwnk and D~.nnis Il. Gill .
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An evaluation of the stntc-of-the-nrt of AR co:ltlngs on galllum-doped gcrm:mium, USCI!
●S ● snturehlc absorber at 10.6 urn, hns hccn Cunducwd. Both l-on-l ml N-on-l laser
damage thresholds were mcnsurcd with 1.2 ns pulses on bare and coated surfaces. Only front
surfaco damage was observed. hlth fcw exceptions, th~ thresholds for coated surfaces were

Contcred at 0.49 5 0.3 J/CM2. Bare Gc had a threshold r:lnging from 0.65 to 0.70 .I/cm2. No
significant dIf5cronccs due to substrtitc polish, cryst:lllinity or doping lCVC1 were cvidcnc
●nd multiple-shot conditioning resulted In tho same threshold as for single shot tests. From
M ●nalysis of standing-wave electric fields, damage or AR-coated Lili appeared to be limited
by tho surfaco properties uf Cc. .Mcasurcmcnts at both 1.2 and 70 ns Indicated that the

threshold (J/cm2) of both contcd and unroatcd Gc incrcascs as the square root of the pulsc-
uidth .

Key words: Antircflection coatings, gcxmanium, laser damage, saturable absorber, standing-
uwa electric field.

1. Introduction

Gmllium-doped gcmanium has been developed for use as a saturahlc absorber to prevent prc-pulse
gmindcploticm in the Iargr CO, amplifiers cf LASL’S eight-beam fusion Iascr [1,2]. For usc at saLu-
ratlng intensities for pulses I-nanosecond in durntion, the danagc resistance of the AR-coated surf;lccs
wst be ■aximized. Accordingly, n careful evaluation ot- the state-cf-the-art cf AR coatings at 10.LI
~ was performed.

Antircflcction coatings comprising fcurtccn coating designs using eight film materials were ob-
tmincd from nine coating aanufacturcrs. Polycrystallinc, p-doped Gc substrutcs polished by onc vend.,r

.wcro supplied to each. Suhstratcs polished Iq’ a second mdor wre also sml~~lic~! for camparision,
Additionally, single-crystal Cc, p-doped and umlopcd, ml und~pcd pol~cry::al!inc k’ krrc cealcd W h:~u
vendor to CWIW:C :!,sCffect of ~rvsta] structure mi do?~~Z. The dIzcwIsicI:s ‘$ ~!lc tL,~t yui.str:!t~.s

ucrc 2S MO in diametur aild 6 IIJIIthik. coating d~q)ositicns, hukowur, kvr~ ;I.*lfdrR.t’Ll il: chwdxrs lJr.~
●nough to evcntua:ly coat amplifier-si:c CC discs (41-GE dixseter and -!-c= tni~hcssl with suifici~mt
uniformity to obtain a rcfloctance pcr surface of lCSS than 15 at 1(’1.tIEm and ICSS thm 3“. from !) to 1:
m.

2. Experi=ntal Procrdurc

Laser damngc tests were conducted with 1.15 $ 0.05 ns pulses (FWIJI] at the I’(3YI 10.6 urn wavc-
lengthm These short ;uIlscs were rcliahly cnrvcd out of a saoothrd g:lin-switched pulsu by usc of a
Pockel CC1l arran~ulficnt. The sccmatic of the lnsrr diagnostics is shown in fisurc 1. I’ulscwidth
wmsuremcnts were mm% with a Molcctron pyroclcctric drtcctor coupled to J 5 Gli: Ixlndwidlh oscillo-
scope of MSL dcsi~n [5]. For supplementary tusts with a :0-ns pulscwidth, a photon-drag detector
U~S used. Oscillograms of the temporal pulses nrc shchn jn figuro 2.
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&rc n = npcrturc radius [4], the trullkmitt:lu(f, llf the 191 W.dl:lr. :tt’r iljlul LUIV- -*I= V*II*U*IIL*W ● U IIt

99.-9 s:.

Ilnmwc Nns dctcctrd visunlly by the onwt ~Jr incrcaW’d SIIII’:IJC scnttcring of a Ilc-Nc lnsur bc:un
dircctcd On the silmc site (hnck md front) :IS thi. pulsed laser :Iud “fly cx:imin;ltion under hri$!ht whitu-

light illumination u%inn the IIc-SC hr:lm as the Iw:ltor. After Ihc scsts, ~xflminati~n of irr:diaccd
●reos was a]sO performed with a micro5copc (~l)[JX).

3. Diml;,~cMorphology

‘fhc chnractcristics of the laser-dmo@ sites viewed under 2P? and 300 K magnification wore very
interesting. Only frcnt surface dil~~cC W~S ~hw.rvcd in these trsts. In fi~!urc 3, disruption of rm
AR-coated (Cc/PbF2/EnSc/Au) surface of p-doped, pnlycrystallino cc caused by iI single l-ns pulse above

threshold is examined. The AR-coatinS has been rrmovcd rather lmii5srmly lcavin~ a well-defined pcri-
mctcr, Linear intcrfcrcncc ripples oriented norm;ll to the laf;(,r pc:ari:ation arc Kroupcd around
circular dilmngc pitS. Tcmplc and Sor,enn have Idl,ntificd thcsl, ri;?lcs as pcrturl~ations in the surface
toptogrnphy duc to intcrfcrcncc of the incident I,lscr electric fic.~ with the time-varying (laser
frequency] induced surfncc charges on Surfaec s{”rntchcs, void% :lnd inclusions [5]. The diameter of the
pits arc mostly 8 to 12 urn and the rigq~lc spaciuv is approximately 5.5 urn which are C1OSC to the laser
wavelength. Dnmagc sites in uncoated L;c (not %I)l)wn)caused by I-ns pulses did have faint ripples of
exactly (t .2 urn] the laser wavelength (10.6 vmj spticing.

The morphology of damage caused by 70.ns pUI~eS wns VCTy ,~iff,:rcntfrom the above as shorn in
figure 4. On the coated wrfacc, a randofi distribution of irro~:ular sites ws related to dflmagc at
defect sites, and cxtrnsivc cracking of the AR rn;lting is proh:lhly :hcrmally-caused by Llclamination.
For bare Cc [fig. 5) the dmngc sites Kcre all ccntcrcd on cir~vllar pits and very tiqhtl}--sp:lccd (1.(1
Mm] interfcrcncc fringes parallel to the laser polarization. ‘Ihc cause of these fringes has not been
identified.

4. Results

The experimental results for coated and bnrc GC substrates nrc prcscntcd in table 1-3. These
thresholds arc for pit fonwtion or film disruption which occurred at much lxcr intensities t!’.an a
breakdown plil~rnn. Ch;ly the mean value of ench thrusholdis list~,d j~r the coiL:cd surfaces sins: the
range, typically z 0.02 or lcsS, was unusually !;mnll. The absolute accuracy is considered to !JC ~
101. All thresholds listml are for front surf:lc~~ d;lma~r only J5 ko were unnhlc to dnaazc nny rear
surface, coated or uncoated. Further, KC obscrv~.,[no (liffcrcn~.c Ijct.wccn thresholds fur l-on-l Jnd
N-on-1 tests, where X-1 shots (10 to 13] were fired below the siIIElc-shot threshold before, irradiating
with a damaging intensity.

To compare the effects of two different conventional polishin:; methods, single-and polycrystallinc
substrate material and Ga-Joping level (undopcd, R . 3(1 O.cm; dopcIJ, 5 Q“cm), one conting vcl:.!or
deposited a two-laycrThF4/W5Vcc-coat on c:lch substr:ltc during OIIC run. AS seen in table 1, no sig-

nificant diffcrcnccs in thresholds caused by the tWCIpolishing mcthnds were nanifest. This tias
surprising since Polish A qualified as better tll;lil11~0.~0~1(scriitc},~nd dig COLIC], and Polish ii ~il~
slightl)i worse thiln “40-20”.
●nd polycrystal Gc surfaces.
only a minor 13-1S’. threshold

iablc 1.

GCrmanium
SUhStriltC

Single Crystal (undoped)

SlllglC Cry*till [P-dopua]

I’olycrystal (undopcd)

Polycrystai (P-dopod)

Likewise, no real djl”fcr~,ncc~ WUrCfl,l.:lsurcd bctwcrn coated sin}:lc-crystsl
(hlliua-doping had no ci’icct on co;lt,:d single-rrystal thresholds, and
reduction wns mcilsurcd ror Gn-doped pulycryst:lllinu fIC.

Damage threshold of ,\R-coated Gczmiinium substrates

Coating: s/TllF4/ZnS/a

Kncrgy Density (J/cm2)
Polish A Polish R— .— ——.

0.47 0.46

0,47 0.46

0,40 0.s1 “

0.41 0.46

TIIC thrcshnlds for fnurtrrn co,lrinn dcsi~ns on P-Juprd, polycrystnllinc Cc ;Irc Iistcd in t:ll~ll’ .’.
Wltiplt’ cntircs rcprcsmt diffurmt -amplcs of the S;IIIW:U[]iltiliU, “.hc V:IIUL*Srnngcd I’rflm 0.,11 tl~11.1”

J/cm2 iIIILICIIUmcm lilluos was 0,4!l 4 [1.03 J/cm2. t!vcn the two-lnyrr coating of CnF2/hVN* IKUI the 1,.WVI
.——.. . .. --—-- ,... -. .. . . .



,hrcshold dCspi LC the fact that Cnl’2 h;l:; :1

Table 2. Dnmilfiu

one-layer

Vendor “

1 2nS

E ZnS

D T1 I

lhr~c ;Ihsorption corfficicnt at 10.6 vrn.

thresholds of Al{-cotitcd Gcrmniurn

eoatin~s Cc/conting/Air

I%crgy Density

-._Q&&._

0.s1, 0.46

0.50, 0.47, o.49a

0.46

‘fko-layer coatings
.

G CaF2/ZnSc 0.s0, 0.48

H PbF2/ZnSc 0.49

E ZnSc/ThF4 0.48, 0.46

H ThF4/ZnSe 0.44

A ThF4/ZnS 0.46, 0.41

a Extra Gc substrate, undopcd, polycrystallinc, poor polish

‘1’hrec-layer Coatings Gc/Coating/Air

1 ZnS/Gc/ZnS

D. TII/Kcl/TII

F ThF4/ZnS/ThF4

F ThF4/ZnSc/ThF4

E ZnS/ThF4/ZnS

Four- and Five-I.nyer ~O~LiIlgS

c ZnS/Gc/Zn5/ThFJ

B ThF4/ZnS/Thl’4/ZllS/ThF4

0.53, 0.50

0.50

0.s1, 0.48

0.50

0.48, 0.47

0.57, 0.55, 0.s1

0.47, 0.45



Ce”suhstratc. Although, the cx:lct field distrihllt ion within the Al{ coating murt bc calculalwl ior C3CII

dcslgn, the l:rmlunl dctrcasc of UC
● Z

from 1.0 at the air-film intcrfacc to 0.25 at Lhc film-CN
intcrfncc is thic same for any dcsi~;n’?

lltc notmli:cd field in the AR

where, for Ge, ns = 4.0 at 10.6 um.

Likewise, the field-squared in
surface as calculated from-

Since the power absorbed per cms 1s

control substrate is easily calculated using the relation

Es 2
1—m .

Eo” ‘s

tho uncoated Gc substrate, is 0.16 in the vicinity of the front

(2)

Es 2 4m— (3)
Eo+ (n#2 “

given by

pa. n~lE/F~12 (4)

for linear absorption. dama~c by this mechanism (or anv othc% involvinf! the electric field) in Gc would
predictably occur at ; 10WC; lncidcnt laser intctkity for ;n AR coated-surfucc. The ratio-of the
fields squared in uncoatcd-to- coatcd Gc is computed to bc 0.64. The ratio of the ncnsurcd danagc
thresholds is 0.7 z 0.1, which is consistent. These results indicate that the danauc nrobahl~ occurred
in the Gc and the Gc/film intcrfacc. This, for all but the lowest thrcsliulds r.casu;cd; it is-appnrcnt
that the coatings had at least as high damage resistance as the substrate itself.

It is informative to calculate the peak electric field present in the various coating matrrials at
the threshold of damage of the coated GC surfaces. These Fields, listccl in table 4, rcprcscnt u number
of samples and coating desicns. in terms of electric field, i: is seen that the smc value, 0.2 \ll’/LvII,
existed in the coated and uncoated Ge su~stratcs at the threshold, agnin implicating the substrate as
the limiting fa~tor.

Table 4. Peak electric field at damage thrcsh~id
of coated Gc surfaces

. 10.6 urn, 1.1S AS pulse

Coating htdtcrial

ZnS

ZmSe

T1 I

ThF4

F%F2

CaF2

Kcl

Ce

Go aubstratc
coated

Number of
Samples

EM,~(Nv/cm)

17

7

2

15

1“

2

1

2

26

0.33 to 0.40

0.33 to 0.40

0.32 to 0.39

0.24 to 0.40

0.33

0.30

0.23

0.22 to 0.26

0.18 to.o.21

CC substrate 7 0.18 to 0.19
uncoated

It is interesting that the cm fi]ms withstood 20 to 25”, more electric field than the substrnlc.
In mast othrr C:ISCS, thin films arc g~llt!rilll~ lvs:: dilm;lgc-resistant thnn hulk nmtrri:ll, flivcn a more
dmmagc.rcsistilnt ~d)striltc than Gc, it is ]ihcly thilt the vnrious coating compo[lcnts COUILI survive c’V1’H
higher \*lcctric ficjds than attalncd in these tests.



e. . PiIl wwi dt h kIWlldCllCP

A *CCOELI set of tests al a longer pulsewldth, . 70 ns, ptiuccd thresholds of .1.: J/cm2 for

l%F#nSe ibR-coateLl (ii nnd (I.-l J/cm2 for mmatml Go. 11’Icrntin of thcsr thresholds, (1.hh Is still in
ccmhmncc with tlw SE rlectrlc-rirld cxpl:nmtlen. Althou~h only two points arr used in rigurc 7 to
draw n mtml~t IIm, tho threshold Lhwndmcc of both comtcd ml uncoatd & goes noar]y a~ the mqu:mc
rwt Of the (ii pulscutdth:

AR-coated GO

~ -0.455 T ‘m52 (5)

lhcoated m

%-0”67 ‘0”53 . (6)

fiis mcaling rclmtionship is tho sap as thnt for frac ●lectron ●hsorptiam jn netallic surfnccs for
for elcctronpIasme sh%orption lnitimt~m nvnlsnchebnnkd- indlelcctrics [6].

7. Discussia,

It Is a gonerml obscrvatim thnt the rear mmfnce of tramspmcnt dielectric IS LImapxl prior to
the frat surfncc. nmminR the ~urfmccn hat-c identical surfncc pmpcrtirs and uhcn the laser hr:IEI is
not sharply focusscd on either surf-co. For subntratcs”likc Rla*n, this effect has bocn clc:mly Llcmn-
stratcd to b due to the greater stonding-wnro electric flcld at the rear mrfncc [?]. rigurc 8
illustrates the IRO” phaso revcrml of tho rcflactd Mm-c m the front surfnce and the In-phnw
roflcctcd wnve nt tha back surfnco. Tho resultant ratio of the totol cloctrIc fields at the tm wr-
feces is

W=’)m== (5]

● quentity groator than unity.

Tho magmltudc of this field ratio for several dielectrics, trnnspnrcnt at 10.6 M, 1s IIstcd in
table 6. M reported In section 1, only front surface dnmagc of rk MS ,IWZPI-WJ ~or fill si,rf:,tr~,
AR-coated Or UIXOULUII, pnlycfistalllnk~ nr #ing]@-crystal, dopvd ur iuldo]!Lid.~lig W:IS rc~ surprising
Catsidcring tho ]argc ratio, l,btl, fur the fields. hen for a thinner [3 mml sulwtrntc, nn mar IIa:.aga
C~:d bc cuuncd. TO clarify this obsut’vntian, thrcu other Suhslrntus, MCI. [Wit and CdTLI, were
irrndiatwl. 1.x Lmpcctcd r:lrly renr-wrfacc damu~c was ohncvnwl fnr MCI und GM, but IIkr (:u, only
front surrncc d.~lgc could bc pmduccd on CdTc. This was cspccial]y Intriguing sincr Lhc himl gap ur
C&fc iml USC nro nearly the snmc, . 1.6-1.7 c1’ [S].

‘feble 6. Rear versus front surfmcc demege at 10.6 ❑icrons

Eubtrmte Refractive Retio of DEMgo
Idox Elactric Fields First ~scnwd

Rcnr to Front
.—. —.

NaCl 1.49 1.?O Rear

Cdso 2.43 1.12 Roar

Cftfc 2.69 1.4b Front
My

- 4.0 1.60 IYont
Cklly



.

A ilrst

-of tho lnscr

substrate

ordrr examination of this phrmmwnan rcquirc~ taking into account the r.clltlc convcrl:cncc

beam at the sample and tl,c linear absorption of the Cc using the rcl:ltlon for an uncoatd

>= 2nl ‘1 ●-=x’2 ,

‘1
~—

“2
(6]

whcro 1,2 refer to front and rear surfaces, w is the spot size roilius, = is the absorption coefficient

●nd x is thickness. For our experiment wl/w2 = 1.008 a.~d sample thicknesses were 5.6 mm. For the

p-doped Gc, of rcsistivity 3 il. cm,
-1

the ~cak signal absorption was approximmtcly 0.6 cm .

Substituting, wc find that E2 was 1.1S times El for weak intensities and Iargcr for higher sat-

urating intensities. For undopcd, AR-coated Ge ( = R 0.00S cm-l at 10.6 !Jm)t E2 was 1.61 times El.

onlY in the CaSC of AR-coated, p-doped GC WaS E2 lCSS (between 0.72 and 1.G) than the El. ll~cvcr,

●ttcmpts to damage the rear surface of these samples by increasing the incident laser intensity ccrc

unsuccessful.

One promising explanation for the absence of rear surface damage was suggested by I’hipps [9].

In ● darkened room hc observed a faint blue surface coron~ on the front surface of a Brewster Cc plate

wall bclnw the threshold for damage. This corona was distinctly different from, a spark associated

vitli an electron avalanche, and no traces of damage sere found. It is possible that this visihlc light
,

was emitted dur,ng carrier rccnmbination. Further, absorption of this visible light by the GC CWIJ

increase the free carrier density for intrinsic Gc (2 x 1013/cm3 at 300°K) to obtain a sufficiently

absorbing plasma for higher Laser intensities to cause surface dumagc. Further experiments

obviously needed to examine this possibility.

S. SLBDLARY

This study has produced a number of results which arc best Iistcd under three headings.

5.1

5.2

5.3

GENERAL

● . ‘fhc damage thrcshcld was limited by germanium surface properties.

b. Front surface damacc, only, occurred.
$c. Pulscwidth dependence ED (J/cm2) .T . was observed between 1 and 70 ns.

BAREGE

● . The damage threshold at 1.2 ns ranged from 0.65 to 0.70 J/cm2.

b. An HN03 treatment raised the threshold .10%.

AR-COATEDGE
.

s. Damage thresholds a% 1.2 ns ranged from 0.41 to 0.57 J/cm2, n span of 32%.

b. Multiple-shot conditioning (N-on-l) produced tho same threshold as single shot

tests (l-on-l). .

c. No variation in threshold for 3 different convcntionnl polished on substrntc+

was observed.

d. NO lnrgc diffcrcncc of the threshold between substrztcs with varied doping or

crystnll!nity was observed.
i
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